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Studies (19, 52) on various vascular preparations have suggested that gap junction coupling, K ϩ , cytochrome P-450 products (e.g., epoxyeicosatrienoic acids), etc. act as EDHFs, but, among them, gap junction coupling appears to be the major and universal mechanism. In the cochlear spiral modiolar artery (SMA), the secondary hyperpolarization in VSMCs is mainly (60%) mediated by gap junctions (32) . Gap junction malfunctions have been implicated in many diseases, including those of the cardiovascular, skin, and auditory systems (16, 44, 47) . Gap junction blockers and activators are important tools in characterizing these intercellular mechanisms and pathologies as well as for treatment of these diseases (10, 14) .
Several groups of compounds have been shown to inhibit gap junction communication (48) , including long-chain alcohols (35) , gaseous anesthetics (62) , glycyrrhetinic acid (GA) derivatives (11, 21) , fenamates (26) , and connexin (Cx)-mimic peptides (36) . Unfortunately, the great majority of these compounds have shown a limited and variable effect in blocking gap junctions in the vessels of different organs and species. The variable effectiveness could be due to the molecular heterogeneity of the channel proteins (Cx) of the gap junctions (16, 24, 27, 44) . Moreover, these agents have been found to exert more or fewer side effects on nonjunctional membrane channels (7, 58) . Therefore, there is a pressing need for specific, potent, and reversible gap junction blockers.
Using cellular electrophysiological analysis, we (21) have previously demonstrated that 18␤-GA at 30 M completely blocked the electrical coupling among VSMCs and ECs in the cochlear artery (SMA) along with a mild inhibition on the delayed rectifier K ϩ current (I K ) and noted it as the best-known vascular gap junction blocker. Another GA compound, 18␣-GA, was half as potent in blocking gap junctions, with a similar nonjunctional side effect.
2-Aminoethoxydiphenyl borate (2-APB) and its analogs have recently been reported to reversibly inhibit gap junctionmediated electrical coupling in cultured cells (2, 25) and chemical communication between cultured or retinal cells (48, 54) . Bai et al. (2) reported that 2-APB potently blocks gap junctions formed by Cx36 and Cx50 proteins (IC 50 : 3-3.7 M) but not gap junctions of Cx45, Cx46, and Cx43 (IC 50 : 18 -52 M). More importantly, 2-APB was found to directly act on the channel protein (54) . Therefore, 2-APB and its analogs may be better gap junction blockers than 18␤-GA in small arteries and arterioles, considering that all other known vascular gap junction blockers, including GA compounds, are unlikely to act directly on Cx proteins (54) . In this regard, 2-APB at a low concentration (10 M) has been used to block electrocouplingmediated EDHF and secondary relaxation in rabbit iliac arteries (13, 20) . However, the potency of 2-APB on gap junction and nonjunctional channels in native vascular tissues remains to be characterized.
The present study not only determined the potency and efficacy for 2-APB and its potent analog diphenylborinic anhydride (DPBA) on junctional and nonjunctional conductances in native arteriolar cells but also compared them with those of 18␤-GA (21) . These comparative results yielded a proper strategy in selecting the best vascular gap junction-blocking agent among these two classes of compounds. The results provide a scientific basis for rational data interpretation in vascular research where these compounds are applied. Portions of these results have appeared in two meeting abstracts (40, 41) .
METHODS
Preparation of arteriolar segments of the SMA, brain artery, and mesenteric artery. Guinea pigs (250 -450 g) were killed by exanguination under deep general anesthesia by an intramuscular injection of an anesthetic mixture (1 ml/kg) of ketamine (500 mg), xylazine (20 mg), and acepromazine (10 mg) dissolved in 8.5 ml water. The SMA was isolated as previously described (34) . The whole length of the SMA was dissected from the cochlea. Brain arteriolar (BA) segments were harvested from the branches of anterior inferior cerebellar artery in the pia. The mesenteric artery (MA) and its branches were harvested from the upper ileum mesentery. Further manual cleaning of connective tissues was performed with the vessels immerged in Krebs solution composed of (in mM) 125 NaCl, 5 KCl, 1.6 CaCl 2, 1.2 MgCl2, 1.2 NaH2PO4, 20 NaHCO3, and 7.5 glucose and saturated with 95% O2-5% CO2 at 35°C (pH 7.4). Animal procedures were approved by the Institutional Animal Care and Use Committee of Oregon Health and Science University.
The SMA or other arteriole branches were sectioned into 3-to 4-mm-long segments for conventional intracellular recordings. For whole cell recordings of SMCs in situ of the vessel segments (21), a short length of the vessel [ϳ0.4 mm long, outer diameter (OD): 30 -50 m] was transferred to a glass-bottomed petri dish filled with a normal external solution composed of (in mM) 138 NaCl, 5 KCl, 1.6 CaCl 2, 1.2 MgCl2, 5 Na-HEPES, 6 HEPES, and 7.5 glucose with pH 7.4 and an osmolarity of 300 mosM. The preparation was secured in the dish by platinum strips on each end and digested with collagenase A (1.5 mg/ml, Roche) dissolved in the normal external solution at 37°C for 15 min. After complete washout of the enzyme, the vessel was further cleaned of its adventitial tissue. The petri dish containing the preparation was placed onto the stage of an inverted microscope (Axiovert 35, Zeiss) equipped with a camera and micromanipulators (MX7600R and MX10L, Siskiyou Design Instruments). The vessel segment and the electrode pipette were visualized at a magnification of 10 ϫ 20 or 10 ϫ 40 with the DIC function on.
Dissociation of SMCs and ECs. Dissociated VSMCs and ECs were prepared from the SMA or arteriolar branches of the BA or MA of guinea pigs. The cleaned arterioles were incubated for 20 min in a low-Ca 2ϩ buffer solution containing (in mM): 142 NaCl, 5 KCl, 0.05 CaCl2, 1 MgCl2, 4 Na-HEPES, 5 HEPES (pH 7.2), and 7.5 glucose. The arterioles were then cut into 1-mm-long segments and digested for 20 -25 min at 37°C with a buffer solution containing papain (1.5 mg/ml), collagenase A (2 mg/ml), BSA (3.75 mg/ml), and DTT (0.3 mg/ml). After centrifugation (67 g for 5 min) and replacement of the supernatant with enzyme-free buffer three times, the preparation was triturated with a pasteur pipette. The cell-rich suspension was transferred to a petri dish with a coverslip bottom coated with poly-Llysine. Once the dissociated cells attached to the glass bottom, the dish was mounted onto the inverted microscope (Axiovert 35, Zeiss) and perfused with the normal extracellular solution (see above) for whole cell recordings. VSMCs were identified by their characteristic spindle shape (see Fig. 7C ) (4, 21, 50) . ECs were identified in the same dish by their oval shape with a shorter diameter (Ն8 m) combined with their characteristic membrane response: a hyperpolarization or an outward current response to 3 M ACh, which was distinct from that of VSMCs (Table 1 vs. Table 2 ) (21) . There was a chance that 5-10 ECs would remain joined as a tubule after dispersion of the SMA segments. These ECs in tubules could be identified for certain by the morphology visualized under a DIC microscope (see Fig. 7C ).
Tight-seal whole cell recordings. The specimen was continuously superfused with the normal external solution (0.2 ml/min) at room temperature (22-25°C) . Conventional whole cell recordings were performed using an Axopatch 1D amplifier (Molecular Devices). Recording pipettes were pulled by a Sutter Instruments P-2000 puller. The pipette had a tip of ϳ1-m OD and a resistance of ϳ5 M⍀ after being filled with an internal solution containing (in mM) 130 Kgluconate, 10 NaCl, 2.0 CaCl 2, 1.2 MgCl2, 10 HEPES, 5 EGTA (118 nM free Ca 2ϩ ), and 7.5 glucose adjusted to pH 7.2 and to an osmolarity of 290 mosM. Pipette capacitance was well compensated after a gigaseal with the cell was achieved. Membrane currents or voltage signals were low-pass filtered at 1 or 10 kHz (Ϫ3 dB); data were recorded on a computer equipped with a Digidata 1322A AD Values are means Ϯ SE; n, number of cells. Input resistance and input conductance were measured between Ϫ40 and Ϫ20 mV (see Fig. 7 ). Input capacitance was measured by a step from Ϫ40 to 20 mV. interface and pCLAMP 9.2 software (Axon Instruments) at sampling intervals of 10, 20, or 100 s. A Minidigi digitizer and Axoscope 9.2 software (Axon Instruments) were used to simultaneously carry out gap-free recording at a sampling interval of 50 ms.
The transient current passing the membrane input capacitance (C input) was routinely uncompensated to monitor and calculate the access resistance (Ra) and other membrane parameters online or offline. The offline calculation was done by an exponential fit to capacitive current transients and by commonly used equations (1, 21, 39) . C input for in situ cells was calculated according to the following equation: C ϭ Q/V, where the charge (Q) was obtained by a three-or four-term exponential fit to the current transient elicited by a voltage step (V; in mV) ( Fig. 1C and Supplemental Material, Supplemental Fig. 1 ). 1 The voltage clamping error introduced by the current (I) passing the access resistance was corrected offline according to the following equation: V m ϭ Vc Ϫ I ϫ Ra (where Vm is the actual clamping membrane voltage and V c is the apparent command voltage) except where noted otherwise. Leak subtraction was done offline when appropriate.
Intracellular recordings. Conventional intracellular recordings were conducted from cells of the SMA, BA, and MA as previously described (33) . Briefly, a 2-to 5-mm-long segment of the SMA or other arteriole branches of 40 -80 m in OD was pinned with minimum stretch to the silicon rubber layer (Sylgard 184, Dow Corning) in the bottom of the bath chamber (volume: 0.5 ml) and continuously superfused with Krebs solution at 35°C. The glass microelectrode was filled with 2 M KCl and had a resistance of 60 -150 M⍀. Intracellular impalement was obtained at the adventitial surface of the vessel with a micromanipulator (MP-1, Narishige). The transmembrane potential and injected current were simultaneously monitored with a NPI preamplifier (SEC10-LX, NPI) and recorded with a computer equipped with pCLAMP8 software (Axon Instruments) at sampling intervals of 0.1, 0.5, or 10 ms. The resting potential (RP) was normally determined 5 min after the initial voltage jump at the penetration and checked by the voltage jump at the withdrawal of the electrode. Drug application and statistics. Drugs were applied by superfusion via an array of capillary inlets near the preparation in the dish. The solution flowing over the preparation could be switched to one that contained drug(s) or one of different ionic composition by shifting the inlets without change in flow speed. The drugs used in this study included ACh, 4-aminopyridine (4-AP), tetraethylammonium (TEA), 2-APB, DPBA, and xestospongin C (XeC) (all from Sigma Research Biochemicals) as well as 18␤-GA (MP Biomedicals). The compounds 2-APB and 18␤-GA were dissolved in DMSO as stock solutions before being further diluted with normal Krebs solution or HEPES external solution to final concentrations. DMSO in the final solutions was Յ0.1%, which alone showed no detectable effect on the membrane voltage or current. Statistical values are expressed as means Ϯ SE.
RESULTS
General findings. Intracellular recordings were made from Ͼ100 cells with resting potentials of Ϫ61 Ϯ 2.3 mV (n ϭ 65), Ϫ69 Ϯ 2.1 mV (n ϭ 32), and Ϫ72 Ϯ 1.9 mV (n ϭ 25) in the SMA, BA, and MA, respectively. As we previously reported (34) , the RP of SMA cells showed a robust bimodal distribution with a border at approximately Ϫ60 mV and mean RP values of low-and high-RP cells at Ϫ39.2 Ϯ 1.28 mV (n ϭ 23) and Ϫ73.3 Ϯ 1.58 mV (n ϭ 33), respectively. Cells from the BA and MA showed a less prominent bimodal distribution (40) .
Whole cell recordings were made on in situ and dissociated VSMCs of the SMA, BA, and MA from ϳ70 guinea pigs.
Step and ramp voltage commands from a holding potential of Ϫ40 mV were routinely applied to determine the membrane properties of the cell. The current transients during the voltage steps showed a time course that fitted poorly to a single-term exponential function in cells in situ of all the three vessels ( Fig.  1 , A, C, and E) but fitted well to a three-or four-term exponential function (Supplemental Fig. 1 ). This implicated a multiple membrane source in the charging circuit, suggesting the existence of electrical coupling among multiple cells in the vessel. On the other hand, dissociated VSMCs from any kind of vessel showed a step-induced capacitive current that was fast in decay and fitted well with a single-term exponential function (see below). We took the slope conductance (or resistance) between Ϫ60 and Ϫ40 mV in the whole cell current-voltage (I-V) curve as the measurement of input conductance [G input ; the reciprocal of input resistance (R input )] to minimize the implication of rectification. We used the current transient elicited by the voltage step from Ϫ40 to Ϫ100 mV for C input estimation to standardize the measurements.
Data of R input , G input , and C input of in situ and dissociated VSMCs from the three arterioles are shown in Table 1 . There were several findings of note. First, the G input of in situ cells was 7.87, 8.29, and 10.9 times that of dissociated cells in the SMA, BA, and MA, respectively, indicative of a tighter electrical coupling in the MA than in the SMA and BA. Second, the C input of in situ cells was 11, 12, and 18 times that of the respective dissociated cells in the SMA, BA, and MA, further supporting a tighter coupling in the MA than in the other two vessels. Third, either the G input or C input of dissociated VSMCs was significantly different among the three vessels with an order of MA Ͼ BA Ͼ SMA, which was consistent with the visual impression of the cell sizes of the vessels.
The I-V relation of the whole cell current of either in situ or dissociated VSMCs showed a prominent outward rectification when the cell was depolarized beyond Ϫ40 mV but typically exhibited only a small or no inward rectification at negative potentials lower than Ϫ60 mV under the condition of normal 5 mM K ϩ extracellular solution and high-K ϩ internal solution (Fig. 1, A and B) . A small but discernible inward rectification was seen in 15 of 159 dissociated VSMCs from all 3 vessels. The inward rectification was facilitated by high extracellular K ϩ (50 mM) and blocked by 100 M Ba 2ϩ in cells either in situ or dissociated (n ϭ 10; see also Ref. 40 ), indicating its mediation by an inward rectifier K ϩ (K ir ) channel (31) . Dissociated ECs and tubules composed of 5-10 or more ECs were identified occasionally in the dispersed SMA suspension but were very rarely in dispersed preparations of the other two arterioles. The identified ECs, either in a tubule or in dispersed status, frequently showed (7 of 9 cells) a robust inward rectification but little, if any, outward rectification (see Fig. 7 ), which was consistent with a previous report (9) on identified ECs acutely dissociated from the rat small MA. EC membrane properties are shown in Table 2 . Of note, G input and C input of the dissociated single EC were significantly larger than those of the dissociated VSMC (Table 1 vs. Table 2 ), consistent with the morphological observation that average single ECs were significantly larger than VSMCs.
2-APB and DPBA block the electrical coupling of in situ SMCs. Application of 30 -100 M 2-APB or DPDA caused a significant attenuation of the steady-state current amplitude induced by voltage steps from the holding potential of Ϫ40 mV in cells in situ of any of the three vessel segments (Figs. 1B and 2) , indicating an increase in R input or a reduction in G input . G input inhibition was detectable within 0.5 min and reached a steady state within ϳ5 min for 100 M 2-APB (Fig. 1, G-I) . The inhibition was fully reversed by an ϳ10-min wash with drugfree bath solution. DPBA acted faster, with full G input inhibition within 2 min and complete washout in ϳ10 min. In comparison, 18␤-GA (100 M) showed an action with washin and washout effects similar to those of 2-APB (21) .
We compared the G input blocking potency of these two compounds, and with that of 18␤-GA, among the three vessels. As shown in Fig. 2 , the I-V curve slope was reduced in the voltage range (Ϫ140 to 40 mV) tested in all three vessels, and the 2-APB-or DPBA-induced net current showed an approximately linear I-V relation with a reversal potential (Ϫ33 Ϯ 2.4 mV) very close to the RP (zero current potential) of the recorded cell (Ϫ32 Ϯ 2.2 mV, n ϭ 21, P Ͼ 0.05 by paired t-test ). This suggested that the G input reduction by 2-APB and DPBA was mainly due to a blockade of gap junction-mediated electrical coupling, as was the case with 18␤-GA (21) .
G input inhibition by 2-APB or DPBA was concentration dependent in all three vessels with IC 50 values of ϳ8 and 6 M, respectively, which were not significantly different between these two compounds (Fig. 2) or between any two of the three vessels. However, the IC 50 values were approximately three times higher than those for 18␤-GA (Fig. 2, D--F) , although all of the differences were not statistically significant (P Ͼ 0.05 by Student's t-test). In the presence of 100 M 2-APB and DPBA, R input of VSMCs in the three vessels increased from several hundred megaohms to the order of a few gigohms, values similar to those of dissociated VSMCs (Fig. 2 and pound. The current decay time constant and capacitance were similar to those of dissociated VSMCs for each vessel type (P Ͼ 0.05, n Ն 6; Fig. 1 and Table 3 vs. Table 1) . Taken together, these data indicated that a complete electrical isolation of the recorded VSMC could generally be achieved at Ն100 M of either compound.
2-APB and DPBA, like 18␤-GA, depolarize arteriolar cells. Conventional intracellular recordings on MA cells revealed that bath application of 1-1,000 M 2-APB or DPBA, like 18␤-GA, depolarized arteriolar cells in a roughly concentration-dependent manner (Fig. 3) . The depolarization by 2-APB or DPBA of up to 1 mM was small (1-10 mV) in cells with a low RP (approximately Ϫ40 mV), whereas it varied greatly from cell to cell and from application to application in cells with a high RP (approximately Ϫ75 mV). In the latter cases, the depolarization often suddenly became very large, as if it had reached a threshold of regeneration. This phenomenon has been explained by a regenerative inactivation of the K ir channel according to its unique voltage dependency (34) . Because of this phenomenon, our effort to determine the EC 50 of the concentration-depolarization responses for these drugs was not successful. Figure 3 shows the depolarizations by the three drugs at 10 and 100 M in the three vessels, demonstating that the depolarizing efficacy (amplitude) of the same concentration of 2-APB was slightly weaker than that of DPBA but that both agents were significantly stronger than 18␤-GA.
Application of 100 M 2-APB or DPBA also induced a small (1-10 mV) but statistically significant depolarization (4.1 Ϯ 1.3 mV, n ϭ 6, and 6.7 Ϯ 2.2 mV, n ϭ 10, respectively, both P Ͻ 0.05) in the zero current potential of in situ or dissociated cells under the whole cell configuration (Fig. 4, A  and B) . The difference between the magnitudes of 2APB-and DPBA-induced depolarizations was not statistically significant.
Channel mechanism underlying 2-APB-and DPBA-induced depolarization: a comparison with 18␤-GA-induced depolarization.
The possible channel mechanism underlying 2-APB-and DPBAinduced depolarization was investigated by whole cell voltageclamp experiments on dissociated VSMCs and, in a few cases, on ECs.
The results shown in Fig. 4 demonstrate that both 2-APB and DPBA (100 M) caused an inhibition of the outward rectification in the whole cell steady-state I-V curve while exerting no significant effect at potentials negative to Ϫ30 mV. The inhibition became weaker when the command voltage approached ϩ40 mV. Accordingly, the 2-APB net current I-V curve between Ϫ30 and 40 mV exhibited a typical U-shape, h ] ϩ C, where C is the theoretical residual conductance in supramaximal concentrations and h is the Hill coefficient. The differences of the IC50 values or the residual Ginput (10 -17%) were not statistically significant (P Ͼ 0.05) between any two compounds for each kind of vessel and between any two vessels for each compound. All data points are from 6 -12 cells except for the points of 300 and 1,000 M, where 2-4 cells were tested.
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whereas that of DPBA always had a shorter right arm of the U-segment (Fig. 4, A vs. B) . This type of inhibition on outward rectification was mimicked by 4-AP (Fig. 4D) , a widely used inhibitor selective for voltage-gated K ϩ (K v ) channels in VSMCs (31, 45), but was not simulated by TEA (Fig. 4E) , an inhibitor quite selective for large-conductance Ca 2ϩ -activated K ϩ (BK Ca ) channels (45); TEA exerted almost constant proportional inhibition on the outward rectifier current in the voltage range tested (Ϫ20 to 40 mV; Fig. 4E ).
Furthermore, the 2-APB-induced inhibition of the rectification exhibited a time-dependent characteristic that was mimicked and masked by 4-AP but not by TEA (31, 45) . The results shown in Fig. 5 demonstrate that the outward rectifier current activated by depolarizing steps developed with a delay in time, the typical kinetics of I K . Both 4-AP and 2-APB inhibited I K , and the inhibition was more pronounced on the early than on the late component of I K in the ϩ20-and ϩ40-mV step traces. Such kinetics are very different from Values are means Ϯ SE; n, number of cells. Input resistance and input conductance were measured between Ϫ60 and Ϫ40 mV. Input capacitance was measured by a step from Ϫ40 to Ϫ100 mV. 2-APB, 2-aminoethoxydiphenyl borate; DPBA, diphenylboronic anhydride. *P Ͻ 0.05 and †P Ͻ 0.01, comparison between the control and treatment (paired t-test). (Figs. 4G and 5B) .
Interestingly, the inhibition by TEA or ChTX of I K was very similar to that by 30 M 18␤-GA, i.e., both 18␤-GA and TEA suppressed both the early and late components of I K throughout the activation voltage up to ϩ40 mV (Fig. 4, C and E ; see also Ref. 21) . In the presence of 1 mM TEA, 18␤-GA caused a small further inhibition of I K (n ϭ 5; Supplemental Fig. 3) , whereas in the presence of 4-AP, 18␤-GA induced a significant further inhibition of I K (Figs. 4H and 5C ).
Finally, in the presence of 50 nM ChTX, a more specific blocker of BK Ca and intermediate-conductance K Ca (IK Ca ) channels, 2-APB (100 M) exhibited an action (n ϭ 4) similar to that of 2-APB alone, whereas 18␤-GA (30 M) caused little further inhibition of I K (n ϭ 3).
Using the leak-subtracted steady-state amplitude of I K at ϩ20 mV as an index, we determined the concentration-inhibition relation of the drugs (Fig. 6) . The IC 50 values of 2-APB were 126, 119, and 134 M in VSMCs from the SMA, BA, and MA, respectively. The IC 50 values of DPBA were 122, 116, and 102 M and the IC 50 values of 18␤-GA were 48, 41, and 65 M in VSMCs from the SMA, BA, and MA, respectively. IC 50 differences among the vessels for each drug were not statistically significant (P Ͼ 0.05). The IC 50 values of 18␤-GA were significantly smaller than those of 2-APB or DPBA (P Ͻ 0.05).
The membrane effects of 2-APB and DPBA on ECs dissociated from the SMA were also analyzed with whole cell Fig. 4 . 2-APB and DPBA cause an inhibition of the outward rectification that is mimicked and masked by 4-aminopyridine (4-AP) rather than by tetraethylammonium (TEA). A-E: ramp-constructed whole cell I-V curves from dissociated individual VSMCs from the BA in the absence and presence of 100 M 2-APB, DPBA, 30 M 18␤-GA, 1 mM 4-AP, and 1 mM TEA. Note that the robust outward rectification was reduced by 2-APB and DPBA more pronouncedly at ϩ20 mV than at ϩ40 mV (A and B) . Accordingly, the I-V curve of the net current (b Ϫ a) showed a U-shaped inward current between Ϫ30 and ϩ40 mV but little net current between Ϫ140 and Ϫ30 mV. In contrast, I-V curves of the 18␤-GA-induced net current (b Ϫ a) exhibited an almost linear inhibition between Ϫ10 and ϩ40 mV. In comparison, the net current I-V curve of 1 mM 4-AP (D) qualitatively resembled those of 2-APB and DPBA, whereas the net current I-V curve of TEA resembled that of 18␤-GA. F-H: I-V plots of step-induced Iss mean amplitudes [delayed rectifier K ϩ (KDR) current (IK); see also Fig. 5 ] (n ϭ 3-6 for each point). Note that the effects of 2-APB on IK were nullified by the presence of 10 mM 4-AP at all voltage levels (F), whereas 2-APB inhibition of IK at Ϫ20 to 20 mV remained prominent in the presence of 1 mM TEA (G: *P Ͻ 0.05 and **P Ͻ 0.01 by paired t-test). 18␤-GA inhibited IK further at 0 to 40 mV in the presence of 10 mM 4-AP (H).
recordings. ECs in a tubule typically showed a single-term exponential relaxation with a long time constant (2-7 ms) in its step-induced capacitive transient (Fig. 7) . The calculated C input was 5-to 20-fold larger than that of the dissociated single EC (Table 2) , and the mean R input was less than one-third of the single EC, consistent with the electrical property of multiple cells that were tightly electrocoupled with each other. In the presence of 100 -300 M 2-AB, C input and G input were both reduced to the value for a single EC (Յ15 pF and Յ1.1 nS, respectively, n ϭ 4). In the single EC, 100 M 2-APB or DPBA caused no significant change in the whole cell I-V relation between Ϫ140 and 40 mV (n ϭ 3).
Possible implication of inositol 1,4,5-trisphosphate receptors in 2-APB-induced depolarization and gap junction blockade. 2-APB has long been known to block the inositol 1,4,5-trisphosphate receptor (IP 3 R) and store-operated Ca 2ϩ entry (42) . These two Ca 2ϩ signaling pathways are functional mechanisms in VSMCs and ECs (18, 30, 33, 38, 46) . Two compounds, nitrendipine and XeC, which act on two different IP 3 R signaling steps, were tested. First, nitrendipine was used to block IK Ca Fig. 5 . 2-APB and 18␤-GA inhibit IK differently in its time course. A-C: representative current traces elicited by steps from Ϫ40 to Ϫ100 mV through ϩ40 mV in 20 increments in 3 different dissociated VSMCs of the BA (top 3 rows) and the drugsensitive net currents (bottom 2 rows). Note that at ϩ40 mV, 10 mM 4-AP mainly suppressed the early component of IK (A,a and b, and C,g and h) . The addition of 100 M 2-APB caused little further inhibition of IK (A), but the addition of 100 M 18␤-GA induced an additional small, but significant, inhibition on IK (C,h and i; see also Fig. 4) . Compared with 4-AP, 1 mM TEA suppressed IK during all the 500-ms step durations (C). The addition of 2-APB caused an inhibition that was more pronounced on the early component than on the late component of IK at ϩ40 mV (B,e and f), which resembled the effect of 4-AP alone (A,a and b). channels, which are opened by IP 3 R activation and the resulting Ca 2ϩ release (18, 33) . In intracellular recordings from intact arteriolar segments, nitrendipine alone did not significantly change RPs in cells from all three vessel tested (n ϭ 12 for each vessel; see also Ref. 33) , suggesting that the existence of background IP 3 R activation was negligible in these in vitro arterioles. This is consistent with most reports by others on in vitro arterial preparations (see the DISCUSSION). Whole cell recordings showed that nitrendipine had no significant effect on R input and C input in in situ cells from the BA (n ϭ 6).
Second, XeC (3 M), a selective IP 3 R blocker (17) , caused neither a significant change in the membrane potential of cells from the three vessels (n ϭ 3-6 for each kind of arteriole) nor a significant change in the I-V curve in the whole cell configuration of dissociated VSMCs (n ϭ 3-5 for each arteriole; Supplemental Fig. 4) . Finally, in the presence of XeC, 2-APBinduced inhibition of R input and C input in in situ cells from the BA and MA were not significantly affected (n ϭ 4 and 6; Supplemental Fig. 4) .
DISCUSSION
The present study not only extends a previous analysis (2) of a gap junction blockade actions of 2-APB and its analog DPBA in cultured cells to three native vascular preparations but, for the first time, also characterizes the nonjunctional membrane effects in VSMCs and ECs. The main findings were as follows: 1) 2-APB and DPBA were potent drugs that block vascular gap junction-mediated electrical coupling, but their IC 50 values (ϳ6 M) were about threefold that of 18␤-GA ( Fig. 2 ; see also Ref. 21); 2) 2-APB and DPBA inhibited I K in VSMCs with an IC 50 value of ϳ 130 M, which was also about three times that of 18␤-GA; 3) 2-APB and DPBA inhibition of I K was mainly on K v channels, whereas that of 18␤-GA was mainly on BK Ca channels; and 4) the junctional and nonjunctional actions of 2-APB observed did not involve IP 3 R antagonism.
This study further demonstrated that whole cell recordings from SMCs that remain embedded in arteriolar segments could be a unique and feasible method for studying various arteriolar preparations beyond the few cases previously reported (21, 22, 50, 51, 58 -60) . Using a proper concentration of these gap junction blockers, we could achieve a complete electrical isolation of the cells in situ of a vessel segment, but a nonjunctional side effect should also be considered for data interpretation. Based on the data that the IC 50 value was ϳ20 times higher for nonjunctional than for junctional inhibition, all three compounds tested should have value as gap junction blockers. Moreover, we demonstrated a feasibility of determining the junctional inhibition of 2-APB in EC tubules of the SMA. This EC tubule preparation could be a useful approach toward a better understanding of the intercellular communication between ECs of microvessels beyond the SMA, as the EC tube preparation has also been successfully made from hamster cremaster muscle arterioles for patch-clamp recording and Ca 2ϩ -imaging experiments (6) . Gap junction blockade of 2-APB and DPBA versus 18␤-GA. The blocking effect on gap junction coupling of 2-APB (100 M) and DPDA (100 M) was first indicated by an increase in R input or a decrease in G input of in situ VSMCs to the values of freshly dissociated VSMCs of the respective arteriole (Figs. 1  and 2 and Table 3 ), suggesting a complete electrical isolation of the recorded VSMC in situ. Second, both the C input value and single exponential decay of the step-induced capacitive current in the presence of 2-APB or DPBA (e.g., Fig. 1, D and F) indicated a single cell RC circuit load, confirming the full electrical isolation of the recorded cell in situ (12, 39) . Taken together, these data suggest that at Ն100 M, 2-APB or DPBA made a full electrical isolation of the cells in the arteriole segment.
We demonstrated that 2-APB and DPBA had similar potency and efficacy in blocking vascular gap junctions with IC 50 values of 4.4 -8 M (Fig. 2 current traces elicited by 500-ms step commands in the absence (A) and presence (B) of 2-APB from a cell in a tubule of ECs (C; the electrode pipette points to a cell other than that in A). D and E: representation of the initial part of A and B, respectively, but with traces of Ϫ100-, Ϫ60-, Ϫ40-, and 20-mV steps removed and the time scale expanded for clarity. Note that single-term exponential function fit well with the transients in both the absence and presence of 2-APB. Rinput increased from 334 M⍀ to 1.7 G⍀, suggesting that 300 M 2-APB completely isolated the recorded cell in the control condition, under which the cell appeared tightly coupled to at least four other cells. The EC showed an obvious inward, but not outward, rectification in the voltage range tested. vascular gap junctions indicated a more potent blockade than that on Cx43-formed gap junctions (51.6 M) but a less potent blockade than that on gap junctions of Cx36 or Cx50 in neuroblastoma cells (IC 50 : 3-3.7 M) (2). Since VSMCs express Cx43 and, occasionally, Cx37 and Cx45, and ECs express Cx37, Cx40, and Cx43 (16), our value of IC 50 may reflect that heteromeric and heterotypic constructions of gap junctions formed by Cx43 and other Cx are common in arterioles. In blocking gap junctions, 2-APB and DPBA showed an IC 50 value about threefold higher than that of 18␤-GA in the three arterioles ( Fig. 2 ; see also Ref. 21) . The homogeneous sensitivity to these gap junction inhibitors among the three arterioles may reflect that these arterioles have identical molecular construction of their gap junctions.
It has been reported that DPBA showed a 1.3-1.5 times larger maximal inhibition than 2-APB on hemichannels formed by Cx26/Cx32 and Cx32 in transfected Hela cells (54) . Our data from some cells did show that DPBA exerted a stronger and faster inhibition on gap junctions than 2-APB ( Fig. 1) , although the collective data means did not exhibit a statistically significant difference.
We did not determine the potency of 2-APB and DPBA in blocking the myoendothelial coupling. This was partially because the experimental configuration did not allow the pure measurement of myoendothelial coupling without implicating other intercellular couplings in the vessel (21) . Instead, we found it possible to test their actions on the gap junction coupling between ECs in several EC tubules from dispersed SMA segments (Fig. 7) . Despite the fact that the low availability of such tubules prevented us from determining IC 50 values, 100 -300 M 2-APB always caused a complete isolation of the recorded EC, indicating that 2-APB might have an IC 50 value on the same order as what we determined in Fig. 2 , where the configuration of the measurement should normally implicate gap junctions between cells within the muscle layer and the endothelial layer as well as between these two layers.
Nonjunctional membrane actions of 2-APB and DPBA versus 18␤-GA. Our data identified that the nonjunctional action of 2-APB and DPBA on VSMCs was primarily an inhibition of K v channels (Figs. 4 -6 and Supplemental Fig. 2) . First, the inhibition of outward rectification became less pronounced at depolarized voltages beyond ϩ10 or ϩ20 mV (i.e., seen as the positive slope arm of the U-shaped net current). This pattern of inhibition was mimicked by the K v channel blocker 4-AP but not by the K Ca blockers TEA or ChTX. Inhibition of K v channels by 2-APB was further supported by the differential sensitivity of the kinetic phases of I K activation. At strong depolarization steps, 2-APB, like 4-AP but not TEA, inhibited the early (fast) component more strongly than the late (slow) component (Fig. 5) . It is known that vascular K v channels exhibit a reduced conductance in strong depolarization steps, especially in the late phase of the depolarization (8, 45) . This feature has been attributed to robust influx of Ca 2ϩ at this condition: the resulting submembrane Ca 2ϩ surge inhibits K v channels. Moreover, the inhibition of K v channels, not K Ca channels, was substantiated by the finding that when K Ca channels were suppressed by TEA or ChTX, 2-APB inhibition on I K remained intact (Fig. 5B) . These results are one step further from previous observations showing that 2-APB inhibited depolarization-activated, but unclassified, K ϩ channels in Limulus ventral photoreceptors (56) and arteriolar VSMCs in spontaneous hypertensive rats (61) and the 2-APB increased the excitability of pyramidal neurons (23) . Finally, 2-APB appeared to have no effect on K ir channel-mediated inward rectification in dissociated ECs. Unfortunately, we failed to confirm this result in isolated VSMCs, as the inward rectifier K ϩ current was rarely observed (15 of 159 cells tested). More rigorous tests are needed to determine the action of 2-APB analogs on vascular K ir channels.
In comparison, 18␤-GA caused an inhibition of I K that was mimicked and largely attenuated by TEA and ChTX but not by 4-AP (Figs. 4 and 5 and Supplemental Fig. 3 ). Neither 18␤-GA nor TEA induced a net current with a positive slope segment in their I-V curves (Fig. 4, C and E) . In addition, 18␤-GA inhibited step-activated I K in both the early and late phases, which was similar to the effect of TEA or ChTX (Fig. 5, B and  C) , suggesting that 18␤-GA inhibited mainly K Ca channels rather than K v channels.
Lack of IP 3 R involvement in the junctional and nonjunctional actions of 2-APB. The observed inhibitory actions of 2-APB on gap junction coupling and nonjunctional K v channels are unlikely related to the well-known antagonisms of 2-APB on the IP 3 R and store-operated Ca 2ϩ entry (3, 23, 42) . The reasons are as follows: first, these Ca 2ϩ mobilization mechanisms are normally activated, if any, at a negligibly low level in in vitro vascular preparations until they are stimulated by strong sheer stress (37, 49) , by vasoactive agents such as norepinephrine, ATP (30) , and ACh (18, 32) , and by hypoxia (57) . As usual, the in vitro small artery preparations used in this study showed no discernible background IP 3 R activation and Ca 2ϩ mobilization, which was indicated by no membrane potential responses to IK Ca channel blockers (nitrendipine, etc.) and to the selective IP 3 R antagonist XeC. Any inhibition of the negligible background IP 3 R activation by 2-APB would be expected to cause little effect on cytosolic Ca 2ϩ and Ca 2ϩ -modulated channels. Second, even if any IP 3 R antagonism had occurred in the presence of 2-APB, it would have decreased cytosolic Ca 2ϩ , and the latter was expected to enhance rather than inhibit gap junction coupling (43) and K v channels (8, 45) . Finally, the selective IP 3 R inhibitor XeC caused no alteration in the 2-APB-induced inhibition of electrocoupling and I K . K v channel inhibition by 2-APB is a novel finding, but its underlying mechanism remains to be determined. 2-APB has been reported to activate transient receptor potential (TRP)V1, TRPV2, and TRPV3 channels expressed in human embryonic kidney-293 cells (28) , and VSMCs express TRPV1 and TRPV2 channels, which are highly permeable to Ca 2ϩ (29, 55) . It would be interesting to test whether activation of these TRPV channels is responsible for the 2-APB inhibition of K v channels.
Conclusions. In summary, our data demonstrated that 100 M 2-APB or DPBA near fully isolated in situ VSMCs electrically in the arterioles of the SMA, BA, and MA with a mild nonjunctional depolarizing action via inhibition of the delayed rectifier K v channel. The potency of both the junctional and nonjunctional actions of 2-APB or DPBA was about one-third of that of 18␤-GA, but the latter showed a weaker depolarizing efficacy. Therefore, 2-APB or DPBA could be a better tool than 18␤-GA for blocking vascular gap junctions only when the inhibition of IP 3 R and store-operated Ca 2ϩ entry are not a concern but K Ca channel inhibition is. With these agents, voltage-clamp investigation of ion channels in cells under nondispersed conditions is possible, while I K inhibition needs to be taken into consideration.
